species > 1 kg. Food intake level was a major determinant of MRT across reptiles and mammals. In contrast to dietary fibre level, BM was not a significant contributor to dry matter digestibility in a General Linear Model. Digestibility coefficients in reptiles depended on diet nutrient composition in a similar way as described in mammals. Although food intake is generally lower and digesta retention longer in reptiles than in mammals, digestive functions scale in a similar way in both clades, indicating universal principles in herbivore digestive physiology. The reasons why the theoretically derived JBP has little empirical support remain to be investigated. Until then, the JBP should not be evoked to explain niche differentiation along a body size axis in terms of digestive physiology.
Introduction
Body size is often considered the most important characteristic of an organism (Peters 1983; Calder 1996) . Small or large body size may have effects that convey comparative advantages and hence favour evolution of certain body sizes (Hone and Benton 2005) . Studying the correlation of body size with physiological functions allows us to not only extrapolate measurements to species of known body size that have not been investigated yet, but also to compare species across the body size range (Karasov and Martínez del Rio 2007) .
Relationships between a physiological measure and body size (mostly measured as body mass, BM) are often not linear (isometric) but follow 'another pattern', or, in other words, an 'allometric' pattern (Peters 1983) .
Allometric considerations play an important role in theoretical concepts about niche differentiation in mammalian herbivores (reviewed in Clauss et al. 2007a) . In brief, the socalled Jarman-Bell principle (JBP) (Bell 1971; Geist 1974; Jarman 1974) explains the observation that herbivores of larger size ingest food of lower nutritional quality with increasing gut capacity per unit energy requirement or unit food intake in larger organisms.
As gut capacity scales to BM 1.00 , but energy requirements and food intake to BM 0.75 , larger animals have theoretically more gut capacity available per unit food intake, which translates into longer digesta retention times that should scale to BM 0.25 (Parra 1978; Demment and Van Soest 1985; Illius and Gordon 1992) . According to this concept, larger animals should achieve higher digestibilities (on similar foods) due to their longer digesta retention times.
However, although this concept has found widespread acceptance, empirical evidence does not indicate a systematic scaling of digesta retention, nor an increase in digestibilities with body mass (Smith 1995; Pérez-Barberìa et al. 2004; Clauss et al. 2007a; Pérez-Barberìa et al. 2008; Clauss et al. 2009; ).
The theoretical approach of the JBP is not related to a particular level of metabolism.
Therefore, the same considerations should apply to other groups of vertebrate herbivores -for example reptiles (Parmenter 1981) . The microbial digestion of plant cell wall in reptiles has many similarities to that in herbivorous mammals (Troyer 1991; Bjorndal 1997) . In herbivorous reptiles, limited evidence suggests that gut capacity scales to BM in a similar, linear fashion as it does in mammals (Troyer 1984a; Bjorndal 1997; Franz et al. 2009 ).
Energy requirements -estimated as basal metabolic rates or field metabolic rates -scale roughly to metabolic body mass (~BM 0.75 ) as they do for mammals (Bennett and Dawson 1976; Nagy et al. 1999) . Therefore, it is reasonable to assume that food intake scales in a similar fashion. Intake has so far only been analysed across a larger body size range within species, with conflicting results: Meienberger et al. (1993) found that dry matter intake (DMI) scaled to BM 0.71 in desert tortoises (Xerobates agassizii), and the results from Hamilton and Coe (1982) in Aldabra tortoises (Dipsochelys dussumieri) translate into a scaling of DMI with BM 0.77 -BM 0.81 , whereas Baer et al. (1997) found a linear scaling of DMI with BM in growing green iguanas (Iguana iguana). There is also no uniformity in the results reported for relationships between BM and digesta retention or digestibility. Several authors showed that within species, digesta retention was hardly correlated to BM or other measures of body size (Parmenter 1981; Bjorndal 1987; 1989; Brand et al. 1990; Meienberger et al. 1993; Hatt et al. 2002) , whereas only two studies demonstrated an increase of digesta retention with BM in reptiles (Hamilton and Coe 1982; Troyer 1984b) . Instead, some authors suggested that the level of food intake determined digesta retention (Bjorndal 1987; 1989; Zimmerman and Tracy 1989; Brand et al. 1990; van Marken Lichtenbelt 1992; Meienberger et al. 1993) ; the same conclusion has been reached for mammals, both within and between species (Clauss et al. 2007a; 2007b; . Except for one study in green turtles (Chelonia mydas) (Bjorndal 1980 ), no effect of BM on digestibility was found in herbivorous reptiles (Hamilton and Coe 1982; Troyer 1984b) . Although in part contradictory, these findings suggest that herbivorous reptiles might show a similar pattern as herbivorous mammals: a scaling of gut capacity and food intake as predicted by the JBP, without the theoretically corresponding scaling of digesta retention and digestive efficiency.
We performed intake, passage and digestion studies with herbivorous tortoises of five species across a BM range from 0.5-180 kg, and added these data to a data collection on digestive parameters in herbivorous reptiles from the literature. In doing so, we tested whether allometric relationships between body mass and food intake, digesta retention and gut capacity in herbivorous reptiles resemble those of herbivorous mammals, and whether body mass itself has a relevant influence on digestive functions in herbivorous reptiles.
Additionally, we compared the basic influence of fibre and protein composition of the diet on digestive efficiency between herbivorous reptiles and mammals to test for basic principles in vertebrate herbivory.
Materials and Methods
We performed intake and respiration chamber measurements in 23 individual tortoises of the species Testudo graeca (n=4), T. hermanni (n=6), Geochelone nigra (n=2), G. sulcata (n=8),
and Dipsochelys dussumieri (n=3) ( Table 1 ). Animals were kept individually for 30 days at 27-30°C for intake measurements after an adaptation period of one week. The diet consisted of grass hay (whole or chopped in varying degrees) and lettuce (Lactuca sativa) in varying proportions. We decided for such a feeding regime, which allowed smaller animals to select higher proportions of lettuce, because pilot observations had indicated that smaller individuals would not ingest hay-only diets, and because we did not want to force-feed animals (as would have been necessary for a consistent diet for all individuals). Water was available ad libitum at all times. Faeces were collected from the enclosure floor, which consisted of plastic in the case of smaller tortoises, plastic, wood panels or concrete in the case of mid-sized tortoises, and the natural floor of the Masoala Exhibit at the Zurich Zoo (Bauert et al. 2007) and acid detergent fibre (ADF) concentrations using standard methods (AOAC 1997) . Daily DM intake (DMI) was quantified for the whole trial period. Additionally, we used the DMI and the faecal excretion data of those days that were separated by the resulting particle mean retention time (MRT, see below) for each individual for the calculation of digestibility.
Apparent digestibility (aD) of dry matter, nutrients and energy were calculated as aD = (Intake -excretion) / intake × 100, where intake and excretion are expressed as absolute mean values (grams per day).
MRT was determined by feeding a particle (chromium-mordanted fibre, < 2 mm) and a solute (cobalt-EDTA) marker prepared according to Udén et al. (1980) . The solute marker was only given to animals > 2 kg. Marker analysis followed the procedure outlined by Behrend et al. (2004) and Hummel et al. (2005) ; in doing so, wet ashing with sulphuric acid was followed by atom absorption spectroscopy. The MRT of the total gastrointestinal tract was calculated according to Thielemans et al. (1978) 
with t i = time after marker application (h), dt = time interval represented by marker concentration (calculated as (((t i+1 -t i ) + (t i -t i-1 )) / 2), and c i = faecal marker concentration at time i (mg/kg DM). The marker was assumed to have been excreted completely once the faecal Co and Cr concentrations were similar as pre-dose levels. The selectivity factor was calculated as MRT particles /MRT solutes . We followed Barboza (1995a) in calculating the indigestible gut content (V N ) and the total gut content (V) in dry matter according to Holleman and White (1989) as V N = F * MRT; with F = faeces output (kg DM/h) and MRT = the average (2 mm) particle passage time through the entire digestive tract (h), and V= (V N -(V N /(1 -(aD DM/100)))/ln(1 -(aD DM/100)); assuming an exponential absorption of ingested food with time spent in the digestive tract.
Comparative data were compiled from the literature (Bjorndal 1980; Karasov et al. 1986; Nagy and Medica 1986; Bjorndal 1987; 1989; Davenport et al. 1992; van Marken Lichtenbelt 1992; Bjorndal and Bolten 1993; Meienberger et al. 1993; Barboza 1995a; b; Baer et al. 1997; Hailey 1997; Liesegang et al. 2001; Hatt et al. 2002; Hatt et al. 2005; Bouchard and Bjorndal 2006) . Publications that did not allow linking body mass data to other measurements were not included.
Data were analysed by correlation analysis (after ln-transformation of parameters without normal distribution), by General Linear Models (GLM; assessing normal distribution of studentized residuals), and using regression analysis indicating 95% confidence intervals
. Analyses were performed with PSAW 18.0 (SPSS Inc., Chicago, IL). When dealing with large data collections, we also calculated species means; when applying analyses to our own experimental data, we used all individual data because, due to our limited species variety, sample size would otherwise have been reduced drastically. In cases where data on MRT and transit time (TT, time of first marker appearance) from the literature were combined, we speak of 'passage times'.
Results

Own results
The results of our own experiments are summarized in R=-0.83, p<0.001; R=-0.48, p<0.025; and R=-0.83, p<0 .001, respectively; or for aD NDF n=21, R=-0.69, p=0.001; R=-0.58, p=0.006; and R=-0.66, p=0.001, respectively The marker excretion curves showed single marker excretion peaks (Fig. 1a, 
Complete data collection
We compared both, available individual data for DMI and calculated species means, to the collection of species means for herbivorous mammals from Clauss et al. (2007a) . Because of an overrepresentation of small individuals with low food intake in the total dataset, the scaling exponent of all individuals was higher than BM 0.75 (Fig. 2a) . In contrast, species means scaled to metabolic body mass (Fig. 2b) . The 95%CI for the factor a did not overlap between mammals and reptiles; this factor was ten times lower in reptiles than in mammals.
In the literature, both MRT and transit times (TT) are recorded for reptiles. Given the predominance of abrupt, single-peak excretion patterns in our own data (Fig. 1a) , one could assume that TT should be representative for MRT in reptiles (Bjorndal 1997) ; alternatively, one could assume that TT are usually shorter than MRT. If all individual MRT and TT data are combined, there is no scaling of passage time with BM in reptiles (Fig. 3a) . Using species averages (if both TT and MRT were given for a species, only MRT data were used), MRT scaled to BM 0.17 (Fig. 3b) . If the BM range was confined to species > 1 kg (similar to the considerations in Clauss et al. 2007a ), the scaling exponent was similar BM A comparison of the relationship between rDMI and passage parameters between mammals (species averages) and reptiles (individual data for MRT and TT) indicated a common pattern of increasing passage time with decreasing intake (Fig. 4) . At similar intake levels reptiles still had about 1.6 times longer passage times; the difference was, however, not significant due to overlapping confidence intervals (Fig. 4) .
Comparing the calculated DM gut content of the tortoises of this study with similar data for mammals shows that in both groups, gut fill scales linearly with BM (Fig. 5) .
A combination of literature and own data on the relationship showed no significant decrease of DM digestibility with dietary NDF content ( Fig. 6a; n=45 , R=-0.26, p=0.086 ).
When using data on dietary ADF content and the digestibility of organic matter, the negative correlation was significant (n=38, R=-0.43, p=0.007 Relating data on dietary crude protein content to the content of the digestible crude protein content (Fig. 7) allows estimation of the true digestibility and endogenous/metabolic losses (Robbins 1993) . Estimated true protein digestibility was 81% for the whole dataset, with metabolic protein losses estimated at 2.49 g/100 g DMI.
Discussion
This study confirms that herbivorous reptiles have a lower food intake and longer digesta retention times than herbivorous mammals, whereas gut capacity is comparable. Additionally, Fritz at al. (2010) showed that reptiles have larger digesta particles than mammals . These findings corroborate the assumption that a higher metabolic level (as in mammals) is linked to a higher food intake (Karasov et al. 1986 ). Because of the similarity in anatomy (an 'amniote bauplan'), gut capacity remains more or less constant and hence higher food intake leads to shorter digesta retention, which could compromise digestibility (Meienberger et al. 1993; Clauss et al. 2007b ). Therefore, adaptations for particle size reduction become crucial for the evolution of a higher level of metabolism, because a reduction in particle size can compensate for shorter digesta retention (Bjorndal et al. 1990; Clauss et al. 2009; Schwarm et al. 2009 ).
A fascinating result of the comparisons between herbivorous mammals and reptiles is that although differences in the levels of various physiological measures are found, the scaling of these measures with BM is similar between both groups ( Fig. 2-5 ; cf. Fig. 1 in Fritz et al. 2010 ), suggesting fundamental scaling principles for terrestrial vertebrate herbivores.
Limitations of this study
One limitation of this study could have been the smear losses of faecal material in the smallest individuals mentioned in the method section. Although this will not have influenced intake and passage measurements, these putative smear losses could have led to particularly high calculated digestibilities in the smallest individuals (Table 1) and thus led to a steeper NDF-aD DM-relationship in the data from this study as compared to literature data (Fig. 6a) .
However, digestibility coefficients of similar (high) magnitudes had also been observed in larger tortoises where smear losses should not be a problem (Liesegang et al. 2001) .
A period of 30 days for the intake and digestion studies was adequate in all but one case for passage marker recovery. However, a longer time period would be desirable for the determination of intake, faecal excretion and hence digestibility.
A major difficulty in this study was the variation of nutrient composition in the ingested diet. Because recording voluntary food intake and corresponding passage measurements was our defined aim, and thus force-feeding of animals (with a uniform diet) was not an option, diet selection on the part of the animals could not be prevented. Actually, hay offered to larger tortoises would physically not have been acceptable for the smallest individuals. The increase of dietary NDF with BM reflects the opportunity for selective feeding in smaller individuals already noted by Bjorndal and Bolten (1992) . Therefore, effects of body size on digestibility, need to be assessed with the difference in the ingested diet in mind (i.e. including nutrient levels in a General Linear Model). The observation that smaller tortoises fed more selectively in this study, and that larger tortoises accepted a higher proportion of hay in their diet, is in accord with similar observations made during the formulation of the Jarman-Bell principle (JBP ; Bell 1971; Geist 1974; Jarman 1974) . It should be noted that it is not this part of the JBP that is under debate here, but the explanation of this pattern by metabolic and digestive allometries. Rick and Bowman (1961) already noted that digesta passage in tortoises was very long, exceeding 14 days in an experiment of seed passage in two Geochelone nigra specimens (5 and 11 kg). Besides the generally much longer retention time, the excretion of passage markers also differs in its pattern between reptiles and mammals. In many hindgut-fermenting mammals, such as horses, tapirs, rhinoceroses or elephants, the excretion pattern of the marker is usually that of a peak with a steep increase and a gradual decline (Udén et al. 1982; Loehlein et al. 2003; Clauss et al. 2010; Steuer et al. 2010 ), indicative of a mixing compartment (Martinez del Rio 1994; Jumars 2000) . However, such a pattern is only rarely found in reptiles ( Fig. 1d ; cf. Zimmerman and Tracy 1989; Barboza 1995a ) and a steeppeaked pattern with an abrupt decline is the more common finding ( Fig. 1a; cf. Karasov et al. 1986; Hatt et al. 2002) . Such a pattern indicates a low degree of digesta mixing and a passage of digesta as a plug in a plug-flow reactor and matches the generally tubiform shape of the reptilian digestive tract (with the exception of colonic compartimentalisation in iguanids) (Bjorndal 1997) . The pattern of an even more gradual increase in passage marker before the peak than the subsequent decrease observed in this and other studies ( Fig. 2c ; cf. Barboza 1995a; Hatt et al. 2002) could be a consequence of using particle markers that are smaller than the average digesta (note the higher particle size of ingesta in reptiles as described by Fritz et al. 2010) , and that are therefore partly washed out of their plug in the gastrointestinal tract by the fluid fraction. Although the absolute duration of digesta passage is much higher in reptiles than in mammalian herbivores, MRT particles is longer than MRT solutes by a factor of only 1.4-2.6 in this study, 1.9-2.1 in the study of Barboza (1995a) , and 0.8-1.5 in the study of Hatt et al. (2002) , and thus in a similar range as that observed in mammals Steuer et al. 2010 ). This indicates that relative to food intake and digesta passage, reptiles secrete similar amounts of fluids into their digestive tract, and thus submit digesta to a similar degree of 'washing' as mammalian herbivores.
Passage marker excretion in reptiles
Digestion in reptiles
Bjorndal (1997) summarized physiological data that indicates that herbivorous reptiles achieve similar digestibilities as mammalian herbivores. The results of our study support this conclusion. Digestibility is usually a negative function of dietary fibre content (Karasov and Martínez del Rio 2007) , as demonstrated within iguanas by Van Marken Lichtenbelt (van Marken Lichtenbelt 1992) . The general similarity of this relationship in reptiles with those found in herbivorous mammals is striking (Table 2 ) and supports previous suggestions that fibre level might influence digestibility in a similar way in both clades (Hatt et al. 2005) .
Similarly, metabolic protein losses and true protein digestibility, as estimated by regression analysis, are similar between reptiles and mammals (Table 3) . This similarity suggests a homology in the fundamental mechanisms of digestion, even if different characteristics of digestive physiology (retention time, temperature constancy, fermentation rate) apply in the different clades.
Body mass
The findings of this study corroborate findings in herbivorous mammals, in which a discrepancy in the scaling of gut capacity, food intake, and digesta retention was documented (Clauss et al. 2007a ). In reptiles, as in mammals, the scaling exponent for the relationship of digesta retention and body mass is lower than expected on theoretical terms by the JarmanBell principle, and may become even smaller when only a body mass range > 1 kg is analysed. The reasons for this absence in scaling remain to be investigated. The level of food intake is a major determinant of digesta retention both within and between species, which emphasizes that variation in the metabolic level between species may be more important for digesta retention than their body mass. Additionally, differences between species in their particular digestive niches -such as the degree of herbivory or the botanical group of plants they specialize on -are important modulators of digestive adaptations, as shown for browsing and grazing ruminants (Pérez-Barberìa et al. 2004) , or for tortoises varying in their intestinal morphology according to their feeding style (Hailey 1997) . These results therefore emphasize that even though the theoretical background of the Jarman-Bell principle is appealing, it
should not be evoked to explain niche differentiation along a body mass axis in terms of digestive physiology. Grazing rhinoceroses aD OM = 81 -0.42 NDF NDF in % dry matter Table 3 . Relationship between the crude protein content (CP, in % dry matter) of the diet and its apparently digestible CP (dCP, in % dry matter) in herbivorous reptiles and mammals.
Note that the slope of the equation represents the true protein digestibility, and the intercept the endogenous/metabolic protein losses. 
